ABSTRACT
INTRODUCTION
Distribution protection relays have changed dramatically in the last decade from simple single function overcurrent protection relays into multifunctional IEDs with primary distribution feeder protection functions. Testing of such devices requires the availability of a set of tools that will simplify the testing process, while at the same time will ensure the required high quality of the testing process. The paper analyzes the functionality of modern state-of-theart distribution feeder protection relays. Several groups of functions are identified:
• Basic fault protection • Advanced protection schemes • Abnormal system conditions protection • Load-shedding • Automation • Monitoring • Recording • Analysis The requirements for the testing of all above listed functions are then presented. Different methods for testing are described, with special attention being paid to the testing tools for advanced distribution protection schemes. Definition of test plans and reporting of test results in an object-oriented manner is discussed, followed with a description of an XML based model of distribution feeder protection functional elements that allows consistent modelling of IEDs from different manufacturers.
MODERN DISTRIBUTION PROTECTION IED FUNCTIONS
The main purpose of any multifunctional distribution protection IED is to detect and clear as quickly as possible short circuit faults that can damage substation equipment or create conditions that adversely affect sensitive loads. This is achieved through the use of instantaneous, definite or inverse time delayed overcurrent elements operating on phase, negative, or zero sequence currents. The overcurrent protection elements can be directional or non-directional and in some cases have additional voltage supervision.
Fig. 1 Distribution protection block diagram
The functions in the relay have a hierarchy that needs to be considered for the testing of the device (see Figure 1) . First of all, the secondary currents and voltages that are applied to the distribution protection relay are filtered and processed in the analog input module and provide instantaneous sampled values to the internal digital data bus of the IED. These sampled values can be logged when an abnormal system condition is detected or used to calculate various measurements (e.g. current and voltage phasors) used by the different protection functions. The outputs of the measurement elements become inputs to protection or other functional elements of the device. Each basic protection element operates based on a specific measured value -phase or sequence current, voltage, frequency, etc. Measurements of active, reactive and apparent power or power factor are often available from the relays if required in the substation automation system. When a protection element detects an abnormal condition, it may operate and issue a trip command to clear a fault. It may also interact with other protection elements in an advanced distribution protection scheme used for acceleration or adaptation of the relay to changing configuration or system conditions. Some of the most common distribution protection logic schemes are:
• • Backup Selective Tripping Scheme • Breaker Failure Protection Scheme The multifunctional distribution protection relays also perform automatic functions such as multi-shot reclosing and local backup protection such as breaker failure protection. Several distribution feeder relay functions can be used for load shedding during wide area disturbances or in the case of the islanding of the parts of the system they are located in. These include frequency, rate-of-change of frequency or average rate-of-change of frequency or other voltage elements. The successful detection and clearing of any abnormal system condition is affected not only by the correct configuration and operation of the protection elements, but it needs healthy secondary current and voltage circuits, as well as breaker trip or close circuits. This requires the relays to also perform monitoring functions, such as trip circuit supervision, current and voltage circuit supervision or different breaker monitoring functions. Last, but not least, the relays are also used as the first level in the hierarchy of a substation or system analysis function. Based on the pre-fault and fault currents and voltages they calculate the location of the fault, magnitude and angle of the currents and voltages before and after the fault, duration of the fault and other parameters. The interaction of different logical and functional elements needs to be well understood, since there are differences between the implementation of some protection functions in electromechanical and microprocessor based distribution feeder protection relays. For example, directional overcurrent protection is a single electromechanical device, while in the microprocessor-based relay it is achieved as a combination of an overcurrent and directional element. Distribution feeder protection relay have many different available functions that can be enabled or disabled depending on the requirements of the specific application. This is something that needs to be carefully considered before, during and after the testing of a distribution protection relay.
TESTING OF MULTIFUNCTIONAL DISTRIBUTION PROTECTION DEVICES
When we analyze the complexity of modern multifunctional distribution protection devices it is clear that their testing requires the use of advanced test tools and software that can simulate the different system conditions and status of primary substation equipment and other multifunctional IEDs. The test system should be able to replay COMTRADE files from disturbance recorders or produced from electromagnetic transient analysis programs. It should be able to apply user defined current and voltage signals with settable phase angles, as well as execute a sequence of pre-defined pre-fault, fault and post-fault steps.
Fig. 2 Test system block diagram
The testing of the different IED elements has to start from the bottom of the functional hierarchy and end with the most complex logic schemes implemented in the device. Protective relays with such schemes operate based on the state of multiple monitored signals such as blocking signals, breaker status signals, and relay status signals. Time coordination of these signals and synchronization with the pre-fault and fault analog signals is required in order to perform adequate testing of these types of schemes. The test device needs to be able to properly simulate the distribution protection environment from Figure 1 , as well as to monitor the operation of the relay under the simulated conditions. As can be seen from the figure, the testing should include any visible behavior of the tested distribution relay. This requirement is taken into consideration in the following sections of the paper.
Testing of the analog signal processing
The analog signal processing is the first critical step in the testing of a distribution feeder relay because if any problems are detected they will be reflected at any other step up the functional hierarchy.
The only problem is that the data bus of the IED is usually not directly accessible or visible through the relay communications or user interface. That is why an indirect method is recommended. If we configure the testing software to generate pure sinusoidal waveforms of balanced currents and voltages with their nominal values and no phase shift (zero degrees) between the currents and voltages in the same phases and record the applied waveforms with the tested relay, extracting and analyzing the records will allow us to evaluate if there is any problem with the analog signal processing.
Using any COMTRADE viewer to analyze the waveform record extracted from the relay will immediately show us if there are any deviations from the expected sine waveform, if there is any phase shift or if the amplitude is different from the expected value. Prague, 8-11 June 2009 Paper 1064 CIRED2009 Session 3
Paper No 1064 Fig. 3 Test configuration for analog signal processing and measurement functions tests COMTRADE viewers are usually readily available as part of the relay software or the testing software itself. They also typically calculate and display the magnitude and phase angles of the currents and voltages, so just by looking at these values and comparing them with the expected nominal values and balanced phase angles it is quite easy to determine if there are problems with the analog signal processing of the tested device. This step does not have to be used every time because it takes some time and it also requires the availability of COMTRADE viewer and communications with the relay in order to extract the recorded waveforms. A much easier way of detecting potential problems in the analog signals processing is the testing of the measurements as described in the next section.
Testing of the measurement functions
The testing of the measurement functions of the relay is the next step. It can use the same set up as described in the previous section, at least as the initial measurements test condition.
The nice thing about this test is that it does not require the use of relay communications, since the relay measurements are normally available through the front panel user interface.
The measured phase currents and voltages in this case need to be as close as possible to the nominal balanced values applied to the relay by the test device (within the accuracy range specified by the relay manufacturer). The positive sequence measurements should be within tolerance of the phase values. Since the applied phase currents and voltages are balanced, the measured negative and zero sequence values should be close to zero (again within the expected tolerance range). At the same time the power factor should be close to 1 and the frequency close to the nominal frequency of the applied signals to the relay. Depending on the measurements available in the tested relay, it is quite simple to calculate the nominal balanced values and to compare and see if the measured values are within the expected range and tolerance. If we are interested to check the accuracy of the relay measurements at sub-nominal levels, we can configure the test software to apply 10% or 1% of the nominal values and follow a similar procedure to the one described above.
Testing of the main protection functions
As discussed earlier, the main protection functions of a distribution protection relay are the phase and ground overcurrent elements. The testing of the instantaneous and time delayed elements is different and also should follow a specific order. During the conventional testing of individual protection elements it is very important that they are the only enabled protection function (if all protection elements share the same relay output). If the IED has multiple relay outputs and different protection elements are mapped to different outputs, we need to make sure that the test device monitors the correct relay output during the test. For a modern test system, such mappings shouldn't be necessary. A good fault model will correctly generate a system condition that the relay should distinguish, indicate, and trip correctly for based on the enabled protection element characteristic. If we (based on the measurement functions tests) assume that the relay measures accurately the applied current signals, the testing of the instantaneous overcurrent elements should not provide any surprises from the accuracy point of view, but will rather give us an indication of what is the expected relay operating time when the applied current is above a definite time threshold of the relay. The test system should be configured to apply current just at the accuracy range of the relay setting and should measure the time between the start of the test and the sensing of the operation of the relay output when connected to a binary input of the test system. This time should be less than the maximum operating time in the technical specification of the tested relay. for multiple points on the selected characteristic. Figure 6 shows the configuration for the testing of a relay element with an IEC Inverse characteristic. Depending on the tested element the user should be able to configure the type of fault as single-phase-to-ground, phaseto-phase or three-phase and also select a negative or zero sequence fault option. Several points on the selected characteristic to be tested should be defined as multiples of a parameter such as the pickup setting of the overcurrent element. The overall inverse time characteristic test is then executed as a sequence of individual point tests and the relay's operation is based on the comparison of each relay operating time compared with the expected operating time and its tolerance for the specific point on the characteristic.
IMPACT OF IEC 61850 ON THE TESTING OF DISTRIBUTION PROTECTION SCHEMES
The testing of distribution protection schemes is the final step in the testing of a distribution relay and it is based on the assumption that all individual protection elements have already been tested and proven to be operating correctly. The conventional test process requires the programming of the test system to perform pre-fault, fault and post-fault steps simulating the changing power system conditions to evaluate the performance of the selected scheme logic. Different control signals are required by the distribution protection logic schemes and must be considered in the test definition in order to verify the functionality and the correct settings of such schemes. The simulation of the relay environment is also affected by the location of the fault.
The new concept for the execution of protection and control functions introduced by IEC 61850 results in requirements for a different approach and technology for testing as well. The testing of conventional protection and control devices has some similarities and some differences with the IEC 61850 communications based solutions. As can be seen from Figure 2 , in the case of conventional testing the test device has to simulate the substation process through hard-wired interface between the analog and binary outputs of the test device and the analog and binary inputs of the test object. At the same time the test device has to monitor the closing of relay outputs of the tested device in order to detect the operation of the IED and analyze it to determine if the performance meets the specification. The operating time usually is measured from the simulated process change of state that has to trigger the tested function until the moment when it will detect the operation of the IED relay output controlled by the tested function. Figure 5 shows the testing configuration for a partial implementation of IEC 61850 communications in the tested IED. In this case the multifunctional IED interfaces with the process in a similar way to the conventional method described above, i.e. hard wired analog signals between the test object and the test device. The communications based distributed functions in this case use IEC 61850 GOOSE messages. All devices with communications interface have to be connected to the substation network switch as shown in Fig. 5 .
Fig. 5 IEC 61850 GSSE based IED functional testing
Since the expected communications based performance should be similar to the conventional hard-wired interface, it is a good idea to compare the operation of a relay output and a GSSE message driven by the same functional element in the IED logic.
Another difference between the conventional testing and the IEC 61850 GOOSE based functional testing is that the state-of-change part of the process simulation is achieved by a GSE messages sent from the test device to the test object -for example to indicate the opening of the auxiliary contact 52a of the breaker monitored by the tested IED.
CONCLUSIONS
Testing of multifunctional distribution protection relays requires complete understanding of their functionality, operating principles of the individual elements and different distribution protection schemes. Software and hardware tools to appropriately simulate the test conditions and the control or status signals received from the relay under test are essential for successful logic scheme performance and evaluation. The testing should follow the functional hierarchy of the distribution protection relay. It should start with the analog signal processing and measurements, followed by individual protection or other elements and finish with the distribution protection logic schemes. IEC 61850 introduces new requirements for the testing tools -ability to simulate GOOSE messages from IEDs in a distribution protection scheme and to subscribe and monitor GOOSE messages published by the tested devices. 
